Abstract The distribution of the Critically Endangered tree Manglietia longipedunculata, of which there are only  known wild individuals, is restricted to the Nankunshan Nature Reserve in South China. The species is threatened with extinction because of its small number of individuals and the impediments to its reproduction (a combination of protogyny, a short period of stigma receptivity, and a lack of efficient pollinators). To reduce the risk of extinction we conducted two conservation translocation trials: one to augment the sole extant population, and the other  km north of the current range. The latter trial was a conservation introduction in which the goals were to increase the population and to buffer against the effects of climate change. We used emerged and grafted seedlings as translocation materials. We compared the survival, growth, and eco-physiological properties of emerged and grafted seedlings at the two sites. The survival rate and growth were higher for grafted seedlings than for emerged seedlings at both sites. Eco-physiological data indicated that grafted seedlings at both sites were as efficient or more so in light and water usage than wild individuals, whereas emerged seedlings were less efficient. Grafted seedlings attained the flowering stage sooner than emerged seedlings. Our study suggests that grafting can facilitate the augmentation and establishment of new populations of M. longipedunculata and perhaps of new populations of other threatened species facing reproductive difficulties and climate change.
Introduction
F or threatened plants with extremely small populations, conservation translocations are part of a suite of conservation measures including stabilizing or increasing population size, reducing extinction risk and supporting adaptation to climate change (Maschinski & Haskins, ; Ren et al., a) . Translocation can thus contribute to the Global Strategy for Plant Conservation targets of ' percent of threatened plant species in accessible ex situ collections, preferably in the country of origin, and  percent of them included in recovery and restoration programmes' (Secretary of the Convention on Biodiversity, ).
There are three main types of conservation translocation (IUCN/SSC, ): augmentation, in which individuals are added to an existing population to increase the population size or genetic diversity; reintroduction, in which individuals of a species are released into an area formerly inhabited by the species; and conservation introduction (also known as managed relocation, assisted colonization, and assisted migration), in which individuals of a species are transferred from the existing distribution area to new areas that are not part of the historical distribution. Conservation introduction may be of particular importance for species that have narrow and/or fragmented distributions and that are unable to shift to higher latitudes in response to global warming because of dispersal barriers and loss of important pollinators (Hunter, ; Loss et al., ) .
Translocation of threatened species to locations outside their native ranges in response to projected climate change is controversial (Seddon, ; Hewitt et al., ) . Some conservation biologists doubt that threatened species can survive outside their native ranges, and others worry about the potential negative effects of the translocated species on the recipient community. Nevertheless, preliminary evidence indicates that conservation introductions can help certain threatened species establish new populations without significant negative effects on the extant biological community (Liu et al., ; Maschinski & Haskins, ) .
The success of an introduction or reintroduction depends on how demographic, genetic and other ecological factors affect the individual plant and the population (Godefroid et al., ; Cogoni et al., ) . Furthermore, successful translocation depends on the propagule type and source used as transplant material, and on site preparation (Akeroyd & Jackson, ) . Whole plants (wild or cultivated), seedlings, cuttings or seeds are commonly used as the transplant materials (Wendelberger et al., ) . Plant propagules prepared in ex situ facilities are seldom fully adapted to their natural habitat and require a period of acclimatization (Maschinski & Haskins, ) . Although horticulturists have found that grafted seedlings are hardier and acclimatize faster than seedlings that emerge from seeds (Lee et al., ) , grafted seedlings have seldom been used in conservation translocation (Ren et al., a) .
Manglietia longipedunculata Q. W. Zeng & Law, family Magnoliaceae, is an evergreen, canopy tree (Plate ). Currently it is found only in the evergreen broad-leaved forest at the Nankunshan Nature Reserve, Longmen County, Guangdong Province, South China (Fig. ) . A thorough survey of the whole Reserve during - found only  individuals of the species in the wild; these are re-sprouts from stumps that were logged many years ago, and are scattered (Zeng & Law, ; Xie et al., ) . The species is included on the Red List of Magnoliaceae (Cicuzza et al., ) . Manglietia longipedunculata has considerable horticultural and economic potential, being an aesthetically appealing tree with large flowers, red fruit and attractive foliage (Xie et al., ; Plate ) . It also provides high-quality timber (which is why it was logged).
The low reproductive success of M. longipedunculata can be explained by a combination of protogyny (the maturation of the pistil before the stamens have matured their pollen), a short period of stigma receptivity, and a lack of efficient insect pollinators (Xie et al., ) . The wild-flowering trees are currently unable to produce fruit under natural conditions. Researchers suspect that current climatic conditions, and an increase in mean temperature in particular, may be partially responsible for the lack of pollinators at the site of the extant population. At present, seeds can only be obtained through artificial pollination, and only % of such seeds are viable (Fang et al., ) ; the surviving seedlings, however, can grow in either shade or full sunlight.
To help conserve M. longipedunculata and to determine the effectiveness of various conservation measures we carried out two conservation translocation trials. In an augmentation trial we attempted to increase the number of individuals at the site of the extant population. In an introduction trial we attempted to establish a population at a new site at a higher latitude, which would have been too cool in the past but which may be at suitable temperatures in the future as a result of climate change. Both trials involved transplanting M. longipedunculata individuals produced ex situ. As transplant material we used and compared seedlings that emerged from seeds (hereafter referred to as emerged seedlings) and grafted seedlings. Our objectives were to compare the survival, growth and ecophysiological traits of grafted seedlings vs emerged seedlings, and to compare seedling performance at the two sites.
Study area
The study was conducted simultaneously at the , ha Nankunshan Nature Reserve (hereafter referred to as Nankunshan) and the , ha Tianxin Nature Reserve (hereafter referred to as Tianxin), Guangdong Province, southern China (Fig. ) . Nankunshan, in Longmen County, has a lower subtropical monsoon climate, with mean annual temperature of .°C and mean annual rainfall of , mm. It is located within the lateritic soil zone and the lower subtropical broad-leaved forest vegetation zone. Manglietia longipedunculata has been found at - m altitude (Xie et al., ) . We surveyed all existing individuals of M. longipedunculata during March  and June  at the experimental sites in Nankunshan. The plant community containing the wild specimens of M. longipedunculata is a secondary tropical evergreen broad-leaved forest dominated by Manglietia moto, Manglietia pachyphylla, Michelia maudiae, Litsea verticillata, Castanopsis lamontii and Castanopsis fabric. The canopy of this community is continuous, with c. % canopy cover. The  individuals of M. longipedunculata were widely scattered. The mean height and diameter at breast height of the  individuals were . ± SD . m and . ± SD . cm, respectively. All  individuals were mature and had sprouted from stumps left after trees had been cut many years earlier. No seedlings or small plants of the species were found under the mature individuals.
Tianxin is located in Lianzhou City and has a central subtropical monsoon climate. It is at - m altitude and is  km from Nankunshan. The mean annual temperature is .°C, and mean annual rainfall is , mm. Tianxin is located within a lateritic soil zone. The vegetation is dominated by evergreen broadleaved forests typical of the subtropics. Representative plant families of the climax community at Tianxin include Lauraceae, Euphorbiaceae and Fagaceae (Ren et al., b) . The soils at Nankunshan and Tianxin have similar chemical properties: low pH values, low total phosphorous content, and high total nitrogen and organic matter contents ( Table ) .
Methods

Plant materials
Two mature re-sprouted individuals from one M. longipedunculata stump at Nankunshan were artificially pollinated in June , and seeds were collected in September . The seeds from these artificial pollinations were sown immediately in the nursery of the magnolia garden of the South China Botanical Garden. Approximately , emerged seedlings were raised successfully.
In  we grafted  M. longipedunculata scions (- cm each) to  rootstocks of -year-old Manglietia moto. The scions were obtained from the largest wild plant, which was the only individual that was large enough for us to collect scions without threatening its survival. Of the  grafted plants,  grew successfully.
In March  we planted  of each type of seedling (emerged and grafted) at Nankunshan and  of each type of seedling at Tianxin, as described in the next section. All the planted seedlings were healthy, similar in size, and selected randomly.
Experimental design
We conducted an augmentation experiment at Nankunshan and a conservation introduction experiment at Tianxin. The augmentation plots in Nankunshan were  m lower than the extant population; this site was selected to facilitate comparison with the Tianxin plot. We selected plots with similar soil properties. The plots are located in the experimental area of the Reserve and have no native flora of special concern.
At each site (Nankunshan and Tianxin) a  ha experimental field was divided into three blocks. Each block contained two  ×  m plots, one of which was planted with emerged seedlings and the other with grafted seedlings. Plants were separated by  m within rows and by  m between rows. We planted  or  emerged seedlings or grafted seedlings in each plot at Nankunshan, and  in each plot at Tianxin. We watered the seedlings only three times (on the first, third, and seventh days after transplantation). As M. longipedunculata seedlings are sun-tolerant, we cleared all trees and shrubs from all plots before the seedlings were transplanted, to eliminate competition. The plots were not fenced, fertilized or mulched, and were left unmanaged after the initial clearing and planting.
Demographic performance
We recorded the height and diameter at soil level of each transplant immediately after transplanting and once per year for the next  years. Once per year we also recorded whether individual plants were still alive. If a transplant was dead we inferred whether death was caused by insect defoliation, fungal decay, nutrient deficiency, lack of water, or strong radiation, based on its appearance.
Eco-physiological performance
Eco-physiological performance of translocated individuals can determine their survival and growth rate. Ecophysiological indicators can also distinguish differences in adaptability between emerged and grafted seedlings. We therefore measured key indicators (light-use and water-use efficiencies of the transplants), on sunny days at Nankunshan on  and  June  and at Tianxin on  and  June . For these measurements we selected three seedlings at random in each plot. We selected one sun-exposed mature leaf from each of these seedlings, and compared these leaves in terms of their eco-physiological characteristics.
To study the photosynthetic mechanism and physiological conditions of plants, we measured chlorophyll fluorescence parameters of photosystem II (PSII) with a portable, pulse-amplitude, modulated fluorometer (PAM-, Walz, Effeltrich, Germany; Liang et al., ). To measure the light-energy and water-use efficiency of plants we took microclimate and leaf gas exchange measurements. The quantity of solar irradiance received by the plants differed among the experiment sites. Environmental factors (PAR, photosynthetically active radiation; T a , air temperature; RH, air relative humidity; C a , air CO  concentration) were measured by sensors on a portable photosynthesis system (LI-, Li-Cor, Lincoln, USA) for  whole day at each site (Liang et al., ) .
Net photosynthetic rate (P n ), stomatal conductance (gs), intercellular CO  concentration (C i ), and transpiration rate (E) were measured for attached leaves on a sunny day, at -hour intervals during .-., using the LI- system. Water-use efficiency was calculated as P n /E (Dewar, ). Stomata limitation (L s ) was calculated as  -C i /C a (Berry & Downton, ) . To compare the maximum photosynthetic rate, the light compensation point and the light saturation point among the sites under consistent conditions, a uniform CO  concentration ( μmol mol − ) and temperature (°C) were maintained in the Li- leaf chamber, and the net photosynthesis response curve was determined at PAR values of -, μmol m − s − (Walker, ).
Statistical analysis
The survival curve data (March -June ) were analysed using Kaplan-Meier tests, which is the simplest way of comparing seedling survival over time. It involves computing probabilities of occurrence of an event at a certain point in time, and multiplying these successive probabilities by any earlier computed probabilities to obtain the final estimate (Goel et al., ) . We then calculated the proportion of seedlings that survived in the final census for each plot. We used two-way ANOVA to compare the mean percentage of seedling survival between the two sites and seedling type. The differences between individual treatments (e.g. grafted vs emerged, and Nankunshan vs Tianxin) were assessed using a post-hoc Tukey test at P , .. For the analysis of differences in eco-physiological properties, a multiple comparison test (least significant difference) was used when ANOVAs were significant at α = .. All statistical tests were performed using SPSS . for Windows (SPSS, Chicago, USA).
Results
Survival of transplanted seedlings
The survival rate of transplanted seedlings was relatively stable after  year and exceeded % after  years at both sites and for both types of seedlings (Fig. ) . According to Kaplan-Meier estimates, the probability of survival over time of both emerged seedlings and grafted seedlings was higher at Nankunshan than at Tianxin ( Table ) . The percentage survival at the last census for grafted seedlings ( ± SD %) was greater than that for emerged seedlings at both sites ( ± SD %; Fig. ) . The survival rate was marginally higher for grafted seedlings at Nankunshan than at Tianxin. All of these differences were statistically significant, as indicated by post-hoc pair-wise Tukey tests (Table ) , between the various treatments.
Growth and reproductive performance of transplanted seedlings
The grafted seedlings grew faster than the emerged seedlings at both sites (Fig. b,c) . Both the grafted seedlings and the emerged seedlings grew faster at Nankunshan than at Tianxin. All of these differences were statistically significant (Table ) between the various treatments. The height and diameter at soil level of grafted seedlings at both sites showed more size differentiation than that of emerged seedlings (Fig. b,c) . Lack of water appeared to be the only cause of transplant mortality.
Four of the grafted seedlings at Nankunshan first bloomed in May , and one of the grafted seedlings at Tianxin first bloomed in May . After we failed to observe any natural pollinators at the sites, we hand-pollinated the five flowers, which then produced fruit with seeds.
Eco-physiological characteristics
Chlorophyll fluorescence parameters differed significantly among the M. longipedunculata leaves obtained from the five combinations of seedling type and site: wild mature trees at Nankunshan, emerged seedlings at Nankunshan, grafted seedlings at Nankunshan, emerged seedlings at Tianxin, and grafted seedlings at Tianxin (P , .; Table  ). Compared with the emerged seedlings, the grafted seedlings and wild mature trees had higher Fv/Fm and Φ PSII values. Fv/Fm and Φ PSII values were similar for grafted seedlings and wild mature trees at Nankunshan. The grafted seedlings at Tianxin had lower Fv/Fm, Φ PSII and qP values but higher qN values than grafted seedlings at Nankunshan. The pattern was similar for emerged seedlings.
Maximum photosynthetic rates and water-use efficiencies were higher for grafted seedlings and wild mature trees than for emerged seedlings (P , .) but did not differ significantly between grafted seedlings and wild mature trees. In addition, the light saturation point (P , .) and light compensation point were lower for the grafted seedlings at Tianxin than for the grafted seedlings or wild mature trees at Nankunshan ( Table ) .
Discussion
The current knowledge gap and the relevance of this study
Until now few studies have tested the success of using translocation of grafted seedlings as a conservation measure for threatened trees. Grafting is a technique used frequently for vegetative propagation of horticultural crops because of its many benefits, including avoidance of juvenility, size control, and biotic and abiotic stress resistance (Harada, ) . Grafting has been used for thousands of years to propagate fruit trees (Lee et al., ) but the grafting of seedlings of rare and threatened plants has been used for conservation translocations only recently (Ren et al., b) . Although incompatibility may appear at later stages and lead to tree death, grafting can be used to generate a large number of seedlings in a relatively short time, and grafted seedlings usually grow faster and are more tolerant of abiotic stresses than conventional seedlings (Lee et al., ) .
Our study demonstrated that grafting can be successful for M. longipedunculata. Although both the grafted and emerged seedlings of M. longipedunculata survived and grew well at both experimental sites, grafted seedlings showed better survival and growth at each site. In addition, grafted seedlings had superior eco-physiological performance and thus were better able to adapt to abiotic stress and reach flowering age earlier than the emerged seedlings. This suggests that grafting may be an appropriate technique for future in situ augmentation and conservation translocations of M. longipedunculata and perhaps of other rare species facing similar reproductive obstacles.
Implications for genetic diversity
In this study all grafted seedlings came from one individual tree. Future efforts may require reintroducing grafted or TABLE 2 Results of pair-wise comparisons (ANOVA with post hoc Tukey test, P = .) of the effects of site (Nankunshan vs Tianxin) and treatment (grafted vs emerged) on survival and growth of M. longipedunculata seedlings, and Kaplan-Meier survival probability estimates for the seedlings. emerged seedlings from other wild individuals to the translocation population to improve the genetic diversity of the species. Genetic diversity within such a small population is necessary to provide a basis for adaptation to changing environments (Reed & Frankham, ; Falk et al., ) . Genetic diversity is vital to establish translocation populations with high levels of fitness and the greatest probability of long-term success (Bouzat, ) . Some guidelines for plant reintroductions recommend collecting locally, and not mixing population sources in outplanting (Sanders & McGraw, ) , whereas others encourage mixing within a reasonable geographical distance (Maschinski et al., ) . For M. longipedunculata all available individuals should be used in future reintroductions as they are from a single, albeit scattered, population.
Results of translocation experiment
Climate change may limit our options for conserving rare plant species in their natural habitats, and the premise of translocation is that threatened species can be moved to locations where the future climate is predicted to be more favourable for their persistence (Maschinski & Haskins, ) .
Our conservation introduction of seedlings of M. longipedunculata from the species' original location (Nankunshan) was to a site (Tianxin) that is colder (by .°C) and drier (c.  mm less rainfall annually). Although seedlings planted in Nankunshan had higher survival probability, growth rate and physiological performance, grafted seedlings were successful at both sites. With the expectation that future temperatures will be more suitable for M. longipedunculata at Tianxin than at Nankunshan, our results provide preliminary support for conservation introduction as a viable option for maintaining the species in the wild. Generally, when introducing a rare and threatened species to a location outside its known range it is important to find optimal sites for long-term survival, growth, reproduction and establishment of new populations (Falk et al., ; McKay et al., ; Millar et al., ) . Identifying appropriate habitat is therefore essential to establish sustainable populations in new locations. A recipient site can be assessed using reference sites, usually sites where there are extant populations (Maschinski & Wright, ) , as in this study. Habitat similarity involves many factors, such as climate, soil, dominant ecosystem processes, and interspecific interactions (Lawrence & Kaye, ) . For M. longipedunculata TABLE 3 Mean values of chlorophyll fluorescence parameters and photosynthetic parameters measured from three mature wild individuals of M. longipedunculata at Nankunshan and - grafted and emerged seedlings at both Nankunshan (the augmentation site) and Tianxin (the conservation introduction site) in South China (Fig. ) . Values in a given row are not significantly different from one another if they share the same letter; values with different letters are significantly different (P , .). the soil and regional climate are important; identifying similarities to Nankunshan in the site selected at Tianxin proved effective for successful translocation. Translocating species beyond their recorded native ranges is an option when traditional strategies are inadequate. However, there is a risk that translocated species could become invasive in their new ranges (Ricciardi & Simberloff, ; Thomas, ) . Manglietia longipedunculata remains rare in the region to which seedlings were translocated; nevertheless, we will continue monitoring this population and any effects it may have on the recipient site.
A key qualitative measure of the ultimate success of reintroductions is the ability of transplanted seedlings to flower and set fruit (Godefroid et al., ) . Successful reintroduction also depends on pollination and dispersal; reintroduced individuals must do more than survive, they must also reproduce and disperse. Conventional methods, such as habitat protection and restoration, are not always sufficient to prevent population decline or extinction of a rare and threatened plant if aspects of the plant's biology or geographical barriers restrict natural recolonization or dispersal (Wang et al., ; Choi et al., ; Sheean et al., ; Li et al., ) . We recommend that artificial pollination be used to increase fruit set and to help the population disperse both in situ and ex situ. In agreement with IUCN/SSC (), we also recommend that more introductions should be implemented to augment existing small populations.
Manglietia longipedunculata faces extinction because of human disturbance and obstacles to its reproduction (Xie et al., ) . We recommend an integrated conservation plan for this species that includes patrolling Nankunshan to prevent plant removal, establishing (with the aid of grafting) an ex situ living collection that contains the entire genetic diversity of the wild population, facilitating M. longipedunculata propagation for commercial use, and implementing augmentation and translocation. Our study has shown that grafting can enhance the adaptability of the propagation material, and facilitate the augmentation of existing populations and establishment of new populations of M. longipedunculata.
